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HEAT-TRANSFKFER INTERFACE DEVICE
BETWEEN A SOURCE OF HEAT AND A
HEAT-RECEIVING OBJECT

FIELD OF THE INVENTION

The present invention relates to a device and method for
controlling and stabilizing heat-transier conditions between
the heat source and heat-recerving object, 1n particular to a
device and method for controlling and stabilizing heat-
transier conditions 1n apparatuses in which the main process
1s associated with generation and transfer of heat and 1n
which stability of heat-transfer conditions 1s a critical factor
for normal operation of the apparatus. The invention may
find use 1n applications where heat 1s transierred through an
clectrically insulated interface between parts made of mate-
rials with different physical properties such as coeflicient of
thermal expansion.

BACKGROUND OF THE INVENTION

In many circumstances, reliable and stable removal of
heat from a source of heat to the surrounding environment,
as well as delivery of heat to a working chamber of a
processing apparatus may be a critical 1ssue, wherein vio-
lation of normal thermal conditions may lead to abnormal
operation of the apparatus or even to a more serious con-
sequences. One such example 1s removal of heat from RF
coils used 1n 1inductively coupled plasma reactor for excita-
tion of plasma simultaneously with maintaining the working
gas inside the plasma-generation chamber at a predeter-
mined operation temperature. A typical inductively-coupled
plasma (heremafter referred to as ICP) reactor has a housing
made, e.g., from a dielectric material, with a flat top surface
which supports a flat spiral inductive coil, e.g., an RF coil
designed for excitation of plasma in the reactor. The RF coil
1s separated from the plasma by quartz or other dielectric
plate. The RF coil may also be arranged on the outer side
surfaces of the reactor. The aforementioned coils are acti-
vated by an alternative a.c. voltage from a high-power
generator operating, €.g., on a frequency of 2 or 13.72 MHz.
The interior of the reactor 1s maintamned under a deep
vacuum from fractions mTorr to 1020 mTorrs. A working,
gas required for generation of specific plasma 1s supplied to
the reactor and should be maintained during generation of
plasma at a predetermined stable temperature. Examples of
such gases are oxygen, chlorine, NF,, CF,, etc., or mixtures
of the above.

An example of an ICP reactor with a flat spiral RF coil
placed onto the top of the plasma reactor 1s disclosed, e.g.,
in U.S. Pat. No. 6,422,172 1ssued 1n 2002 to J. Tanaka, et al.
There exist many other ICP reactors of the aforementioned
type and they become so common that some of them are

even 1mcluded into handbooks (see “Industrial Plasma Engi-
neering” by J. Reece Roth, Vol. 1, Institute of Physics
Publishing, 1995, pp. 412-413.)

In operation of the ICP reactor, the RF coils consume a
significant power which may reach 10 kW or higher. A
significant part of this energy 1s converted into Joule heat
(e.g., up to 1 kW or higher). In other words, the RF coils of
an ICP reactor work under very severe thermal-exchange
conditions required for removal of the excessive heat. There-
fore, 1n a majority of real ICP reactors, the RF coil assem-
blies are made 1n the form of hollow spiral tubes having a
round or rectangular cross-section for circulation of a cool-
ing agent through the coil. Such RF coils are normally made
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from a material of high electrical and thermal conductivity,
¢.g., from copper or the like, and the cooling medium
comprises deionized water.

However, 1t 1s understood that during operation of the
plasma reactor, heat 1s generated not only in the coils, but
also 1n the volume of the generated plasma inside the reactor.
In some cases, the technological process requires that this
heat must be removed also from the plasma-generation
chamber, e.g., for maimntaining the working gas of the
plasma-generation chamber at a relatively low temperature.
In this case, the coolant circulating through the interior of
hollow RF coils 1s used as a medium for removal of heat not
only from the RF coils but from the plasma-generation
chamber as well.

On the other hand, operation conditions may exist when
gas 1n the same reactor should be maintained at a relatively
high temperature and when the heat generated by plasma
itsell appears o be msuflicient and the use of an external
heat source 1s required.

Designs of such reactors should satisfy a number of
conditions, some of which are contradictory with each other.
For example, they have to operate efliciently under condi-
tions of a wide temperature range from room temperature to
200° C. or sometimes to 300° C. Heat transfer interface
between a heat source, e.g., RF coils, and the interior of the
processing chamber should provide eflicient transier of heat
and at the same time should function as an eflicient electric
insulator between turns of the coil. Heretofore, 1n a majority
of cases the above condition of electrical non-conductivity
was met by merely producing the coil-supporting cover of
the reactor from a dielectric material, while the condition of
good thermal conductivity was met by providing heat-
transfer contact in interface between the coil and the reactor
cover. In accordance with the existing practice, the thermal
interface was carried out erther through rigid contact or by
utilizing thermally conductive elastic mnsulators such as, e.g.,
T-gon 200 Series 1nsulators produced by Thermagon, Inc.,
OH, USA. However, the best thermally conductive elastic
insulators of the atorementioned type are rated maximum to
200° C. and therefore are not applicable for high-tempera-
ture applications and in reality are eflective at working
temperature that do not exceed 150-180° C.

Furthermore, 1n some applications, ¢.g., RF plasma reac-
tors, the matenals that participate 1n heat-transfer and elec-
trically insulated interface, such as the RF coil, which 1s
made from a material of high electrical conductivity, e.g., as
copper, and the dielectric material of the reactor cover, such

* e ik ha

as ceramic or quartz, have different coethicients of thermal
expansion. This difference may be as high as 10 times or
more. At the same time, the diameter of the spiral coil
assembly and the diameter of the reactor cover may reach
500 mm or greater. It 1s obvious that when the working
temperature changes in a very wide range, e.g., from room
temperature to 300° C. or more, the relative displacements
between RF coil and the reactor cover become significant, so
that peripheral areas of the coil will be shifted in the radial
inward and outward directions with respect to the surface of
the cover for a distance of several millimeters or more. It 1s
understood that such shifts of the coil will violate the plasma
distribution pattern on the treated object, such as a semi-
conductor substrate. Another consequence of such differ-
ences 1n coellicients of thermal expansion 1s thermal warp-
ing of the contacting parts, 1.e., the spiral coil and the reactor
cover, which results 1n wviolation of uniformity of heat-
transier contact between the two thermally-conductive links.
In other words, the atorementioned condition leads to vio-

lation of thermal interface and hence to nonuniformaity of the
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generated plasma. More specifically, violation of spatial
uniformity 1n heat transfer conditions may leads to local
non-uniformities of treatment, and in the worst case to
overheating and even to damage of the apparatus compo-
nents. 5

It should be noted that in apparatuses such as RF plasma
reactors that utilize vacuum in working chambers the
vacuum generate an additional force acting in the direction
of violation of the interface. The above condition 1s aggra-
vated with the raise of the working temperature whereby the 10
sagging of the vacuum chamber walls 1s increased.

On the other hand, when the temperature of the working,
gas 1 reactors or apparatus based on high-temperature
processes 1s 1nsuflicient, these apparatus cannot effectively
operate. 15

The applicants are not aware of any existing heat-transier
devices that maintain stable heat-transier contact between
parts subject to significant thermal deformations and oper-
ating under temperatures up to 350° C.

20
OBJECTS OF THE INVENTION

It 1s an object of the invention to provide a heat-transier
interface device between a source of heat and a heat-
receiving object for controlling and stabilizing heat transter 25
conditions. It 1s another object to provide the aloremen-
tioned heat-transier interface device for use under conditions
of heat transier between the parts made from materials with
different physical properties. Still another object 1s to pro-
vide the atorementioned heat-transfer interface device, 1n 30
which heat-transfer conditions remain unchanged even
when the aforementioned parts are thermally deformed
within the range of working temperatures up to 350° C. A
turther object 1s to provide the aforementioned device
wherein stable heat-transifer conditions are achieved by 35
imparting a special shape to at least one of the contacting
members of the interface device. It 1s another object to
provide a reliable and stable thermally-conductive and elec-
trically non-conductive interface between the RF coil and
the top of the RF reactor. Still another object 1s to provide 40
the aforementioned assembly, which ensures generation of
uniform plasma and thus uniform plasma treatment in the
inductively coupled plasma reactor. A further object 1s to
provide the aforementioned device that incorporates RF
coils and heating elements embedded 1nto an elastic material 45
filled with thermally conductive and electrically non-con-
ductive filler. It 1s another object 1s to provide an elastomeric
interface that can operate at temperatures over 200° C. A
turther object 1s to provide a method for improving and
stabilizing a heat-transfer interface between the RF coil and 50
the inductively coupled plasma reactor. Another object 1s to
provide a method for stabilization and improvement of heat
transier conditions between the external source of heat and
the 1nterior of the processing chamber.

What 1s proposed i1s a heat-transier interface device for 55
use in a range of up 320° C. working temperatures for
transfer of heat from a source of heat to a heat receiving
object under severe conditions. The device comprises an
clastomeric material filled with an electrically-nonconduc-
tive and thermally-conductive filler maternial. The elasto- 60
meric material may have recesses on the surface or the
surface may be curved, e.g., on the side facing the source of
heat for forming a space between the surface of the device
and the mating surface of the source of heat. The elastomeric
material 1s clamped between the heat source and heat 65
receiver 1 a compressed state so that when 1t 1s expanded
under the eflect of an increased temperature, the material 1s

4

redistributed and the recesses are flattened. The elastomeric
material comprises pertluoroelastomer polymer, and the
filler can be selected from boron nitride, aluminum nitride,
beryllium oxide, etc. If necessary, a combined mixing-
assisting and compression-set reducing agent 1n the form of
pertluoropolyether can be added.

In a practical example the thermal interface device of the
invention can be used for thermal management, e.g., of
heat-transfer conditions 1n processing apparatus, such as an
RF reactor, between the RF coil, RF reactor working cham-
ber, and the surrounding environment. In this case, the
clastomeric material may contain an RF coil with a cooling
medium circulating through the interior of the coil and
functioning as the alforementioned heat-receiving object. In
a specific RF reactor, where the device of the invention can
be used, the shaped elastomeric material 1s compressed and
1s {Ixed to the reactor top or to the side of the reactor (for side
coils) by clamping means, €.g., bolts. Since the elastomeric
material 1s {ixed, when the temperature of the elastomer 1s
increased, the compression force 1s reduced, and under the
ellect of thermal deformations the entire iterface device 1s
deformed and 1s subjected to warping, sagging and forma-
tion of free volume that could impair the interface condi-
tions. However, the compression force acting on the elas-
tomeric material softened under the eflect of heat displaces
this material mto the aforementioned free spaces whereby
the heat-transfer conditions are preserved. As the volume
occupied by the recesses 1s significantly smaller than the
volume of the entire elastomeric maternial, the provision of
the recess will not aflect the heat-transier properties of the
device as a whole.

Furthermore, when the elastomer 1s compressed, 1t devel-
ops anisotropy 1n the direction of the compression. Since the
material of the elastomer 1s filled with finely dispersed
powder or fibers, the aforementioned compression will at
least partially protect the heat-transier device from the loss
of thermal conductivity. The assembly can also be used for
removal of heat from the RF coils and from the interior of
the plasma-generation chamber by passing through the hol-
low coils a cooling medium and transferring the heat to the
surrounding environment through the thermally conductive
clastomers. The cooler/heater element 1s made hollow for
circulation of the heating/cooling medium 1n order to selec-
tively use this element for cooling or for heating the working
gas 1n the plasma-generation chamber. Alternatively, the
supply of the cooling medium can be discontinued, and the
cooler/heater element and/or the hollow RF coil can be
activated for transier of heat to the plasma chamber 1n order
to increase the temperature of the working gas in the
chamber. IT necessary, the heat transfer medium can be used
for cooling the working gas in the plasma generation cham-
ber.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s vertical sectional view of an ICP reactor
equipped with the coil assembly device of the invention,
wherein the hollow water-cooled RF coils are embedded in
an clastomeric material.

FIG. 2A 1s a top view on the heat-transier interface device
of the invention that shows arrangement of recesses formed
on the surface of the elastomeric layer.

FIG. 2B 1s a side sectional view of the device of FIG. 2A
along the line IIB—IIB 1n a non-compressed state of the
clastomeric layer; the depth of the recesses 1s exaggerated.

FIG. 3 1s a view of the portion A of FIG. 1 on the enlarged
scale.
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FIG. 4 1s a view 1n the direction of line A—A of FIG. 1.

FIG. 5 1s a developed sectional view of the inner elasto-
meric ring along the circular line V—V of FIG. 4.

FIG. 6 1s an embodiment of the device of the invention
with a reinforcement member.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

FIG. 1 1s a vertical sectional view of an ICP reactor
equipped with the coil assembly of the invention. It is
understood that the ICP reactor 1s shown only as one of
possible applications of the heat-transfer interface device of
the mvention. In this drawing, the ICP reactor, which as a
whole 1s designated by reference numeral 10, consists of a
sealed ICP reactor housing 12 made from a dielectric
matenal, e.g., a ceramic, and connected to a vacuum system
and to a working gas supply system (not shown in FIG. 1).
The upper open side of the housing 12 1s sealingly closed
with a dome-like ceramic cover 14 which in general has the
same shape and construction as a conventional reactor
housing cover, with the exception that the external top
surface of the cover 14 has a specific shape for accommo-
dation of a heat-transier interface device 16 of the invention.
More specifically, the cover has an outer vertical cylindrical
project 18 and an inner vertical cylindrical projection 20
which may be concentric to the outer projection 18.
Threaded holes, four of which 20a, 205 and 22a, 225 are
shown 1 FIG. 1, can be provided 1n the top surfaces of the
outer projection 18 and of the mnner projection 20, respec-
tively.

The annular space between the outer projection 18 and the
inner projection 20 1s used for accommodation of a heat-
transier interface device 16 of the invention. This device 16
consists of an annular body 17 made of an eclastomeric
material which 1s described 1n detail below and which 1s
filled with a finely dispersed powder or fiber-like non-
clectrically conductive material having high coeflicient of
thermal conductivity. A hollow spiral electromagnetic coil,
such as RF coil 24, 1s embedded into the elastomeric
material, and the interior of the coil 1s used for circulation of
a cooling medium such as deionized water.

The elastomeric material 17 1s compressed, e.g., by bolts
26a, 265, 26¢, 26d, . . . screwed into the aforementioned
threaded holes 20a, 2056 and 22a, 2256 . . . and inserted via
an annular ceramic plate 19.

FIG. 2A 15 a top view on the heat-transier interface device
16 of the mvention that 1llustrates arrangement of recesses
formed on the surface of the elastomeric layer 17, and FIG.
2B 1s a side sectional view of the device of FIG. 2A 1n a
non-compressed state of the elastomeric layer 17. It can be
seen that in a non-compressed state the device 16 has a
convex shape, at least on one side, e.g., on the side facing the
reactor cover 14. Furthermore, the surface of the elastomeric
material or layer 17 has a pattern or texturing formed by
shallow recesses 27a, 27b, . . . 27n. In the embodiment of
FIG. 2A and FIG. 2B these recesses are arranged in radial
rows, which 1s shown only as an example, and it 1s under-
stood that any other patterns are possible. Furthermore, the
depth of the recesses i FIG. 2B 1s exaggerated. The
texturing can be produced in accordance with Mold-Tech
visual texture standards of Standex Engraving Group, II,
U.S.A. A ratio of the height “h™ of the convex profile (FIG.
2B) to the diameter “D” of the device 16 1s normally within
the range of 0.001<h/D<0.1.

It can be seen from FIG. 1 that after compression of the
clastomeric layer 17 1n a working position of the device, the
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convex profile of the elastomeric layer 17 1s tlattened under
the eflect of the compression force F acting in the direction
shown by the arrow in FIG. 2B. Furthermore, under the
ellect of force F, in a compressed state the recesses 27a,
276, . .. 27n become shallower or can be eliminated.

As can be seen from FIG. 1, the RF coil 24 has input
terminals, 21 and 23, which protrude outside the ceramic
plate 19 and are connected to a power supply unit 25 via an
impedance-matching device 234. It 1s understood that simi-
lar terminals connected to a respective power supply (not
shown 1n the drawings) are also available at the helical RF
coils 34 (FIG. 3) of the sidewall heat-transfer interface
device 28.

It 1s seen that the elastomeric material 17 1s clamped
against movements 1n the vertical direction by bolts 264,
26b, 26¢ and 26d . . . and against movements in the radial
directions by the alforementioned vertical cylindrical projec-
tions 18, 20 (FIG. 1). Furthermore, the inner material of the
clastomeric layer 17 prevents relative movement between
the heat-transfer parts of the interface due to volumetric
compression caused by force F (FIG. 2B) and due to
provision of recesses 27a, 27b, . . . 27n. The convex profile
and the configuration of recesses 27a, 27b, . . . 27n are
chosen so that the aforementioned condition 1s working
within the entire range of working temperature of the device
up to 350° C.

If necessary, the ICP reactor can be equipped with a
second RF coil assembly 28. This assembly 1n general has
the construction similar to the flat spiral coil assembly 16 of
FIG. 1 and differs from 1t by the fact that the aforementioned
coil 34 (FI1G. 3) 1s helical and that the compression forces are
directed radially imnwardly. The assembly 28 consists of an
inner ring 30 made from the same or similar elastomeric
material as the material 17 and an outer ceramic ring 32. The
surface of the mner ring 30 that faces the outer cylindrical
surface of the cover 14 1s also made convex and 1s flattened
when the ring 30 1s compressed by tightening the bolts 36a,
36b, 36¢ (see FIG. 4, which 1s a view 1n the direction of
arrows A—A 1n FIG. 1). The compressed condition of the
curved elastic ring 30 maintains this heat-transier ring 1n
constant contact with the outer surface of the cover 14 at
working temperature up to 350° C.

The coil assembly 28 1s intended for assisting the coil
assembly 16 1n generating the plasma. As shown 1n FIG. 3,
which 1s an enlarged view of element A of FIG. 1, the inner
clastomeric ring 30 contains the aforementioned RF coil 34
so that the coil 1s not 1n contact with the sidewall of the
reactor housing 12. The inner elastomeric ring 30 may fit on
the housing 12 with a tight {it, while the outer ceramic ring
32 1s pressed to the inner ring with an inwardly radial force.
Such a force can be created, e.g., by making the outer
ceramic ring 32 from several parts, e.g., sectors 32a, 325,
32¢ shown 1n FIG. 4. The mating ends of the sectors 32a,
325, 32¢ can be secured together by bolts 36a, 365, 36¢, so
that tightening of these bolts will squeeze the ceramic ring
30 around the inner elastomeric ring 30.

As has been mentioned above, the elastomeric material 17
(FIG. 1) and the 1nner elastomeric ring 30 (FIG. 3) are filled
with finely dispersed thermally conductive and electrically
non-conductive filler. Such filler may be represented by
boron mitride, aluminum nitride, beryllium oxide, etc.

The elastomer can be produced from pertluoroelastomer-
like elastomeric pertluoropolymers, high-temperature-resis-
tant silicone elastomers, poly(phospho)zene elastomers, or
the like. The filler particles may have the shapes of tlakes,
spherical bodies, or any other configurations. It 1s recom-
mended that the filler material particles have dimensions
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within the range from several to 20 microns. In fluoro-
containing matrices the concentration of filler 1s normally
below 20%, while, e.g., 1n silicones the concentration may
exceed 50%.

If necessary, 1n addition to the aforementioned fillers, the
clastomeric material of the mvention may also contain a
combined mixing-assisting and compression-set reducing
agent. This 1s a lubricant that improves properties of the
clastomeric materials by improving mixing in the prepara-
tion of the composition for polymerization of the elasto-
meric material and by reducing the compression set. One
example of the aforementioned combined mixing-assisting
and compression-set reducing agent 1s Fomblin YR1800,
which 1s a perfluoropolyether produced by Solvay Solexis,
Inc., N.J., USA.

When during operation of the reactor 10 the temperature
ol the elastomer 1n the elastomeric material 17 or in the 1nner
clastomeric ring 30 i1s increased, the compression force F
(FIG. 2B) 1s reduced, and under the eflect of thermal
deformations the entire heat-transfer interface device 16 is
deformed and 1s subjected to warping, sagging and forma-
tion of free volume that could impair the interface condi-
tions. However, the compression force F acting on the
clastomeric material softened under the effect of heat dis-
places this material into the aforementioned free spaces
whereby the heat-transfer conditions are preserved. As the
volume occupied by the recesses 27a, 27b, . . . 27n 1s
significantly smaller than the volume of the entire elasto-
meric material, the provision of the recesses will not aflect
the heat-transier properties of the device 16 as a whole.

As shown 1 FIG. 5 which 1s a developed sectional view
of the 1nner elastomeric ring 30 of FI1G. 4 along the circular
line V—V, recesses 29a, 295, . . ., 29 similar to the recesses
27a, 27b, . . . 27n of the heat-transfer device 16 are also
formed 1n the elastomeric ring 30 and may be arranged with
any desired pattern.

Furthermore, when the elastomer 1s compressed, 1t devel-
ops anisotropy 1n the direction of the compression. Since the
material of the elastomer 1s filled with finely dispersed
powder or fibers, the aforementioned compression will at
least partially protect the heat-transier device from the loss
of thermal conductivity. The assembly can also be used for
removal of heat from the RF coils 24 (34) and from the
interior of the plasma-generation chamber by passing
through the hollow coils a cooling medium and transferring
the heat to the surrounding environment through the ther-
mally conductive elastomers. The cooler/heater element 1s
made hollow for circulation of the heating/cooling medium
in order to selectively use this element for cooling or for
heating the working gas 1n the plasma-generation chamber.
Alternatively, the supply of the cooling medium can be
discontinued, and the cooler/heater element and/or the hol-
low RF coil can be activated for transfer of heat to the
plasma chamber 1n order to increase the temperature of the
working gas in the chamber. If necessary, the heat transier
medium can be used for cooling the working gas in the
plasma generation chamber.

FIG. 6 15 a cross-sectional view of a heat-transier interface
device 40 of the invention with a reinforcement element 42
made, e.g., from a fiber glass. The use of such reinforcement
clement 42 protects the device 40 from breaking under effect
of compression force F1. The remaining part of the con-
struction of the device 42 i1s the same as the embodiment
shown 1n FIG. 2A.

For generation of plasma in the working chamber of the
ICP reactor 10, the working chamber of the reactor is

evacuated. A working gas, such as O,, Ar, CF,, NF;, etc. 1s
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supplied to the working chamber of the reactor. The RF coils
(24, 34) are energized and generate an electromagnetic field.
As a result, plasma 1s exited 1nside the working chamber. At
the same time, the hollow coils 24, 34 are cooled with a
cooling agent, such as deionized water, which circulates
through the coils when they energized. However, a part of
the heat generated 1n the coils 1s dissipated to the surround-
ing materials and parts. Since 1 modern ICP reactors
energies consumed by the coils may reach 10 kWt and even
more, the residual heat on the coils may be on the order of
1 kWt or more. In spite of water-cooling, such high parasitic
Joule heat may lead to significant increase 1n the temperature
of the coils and of the surrounding material.

As has been explained above, since the elastomeric mate-
rial 17 (ring 34) 1s fixed, when the temperature of the
clastomer 1s increased, the compression force F (FI1G. 2B) 1s
reduced, and under the eflect of thermal deformations the
entire mterface device 16 (28) 1s deformed and 1s subjected
to warping, sagging and formation of free volume that could
impair the interface conditions. However, the compression
force acting on the elastomeric material softened under the
ellect of heat displaces this material 1into the aforementioned
free spaces whereby the heat-transfer conditions are pre-
served. As the volume occupied by the recesses 1s signifi-
cantly smaller than the volume of the entire elastomeric
maternal, the provision of the recesses 27a, 275, . . . 27n
(29a, 295, . . . 29n) will not atlect the heat-transfer properties
of the device as a whole.

Thus, heat-transfer interface device 16 (28) of the imven-
tion with a compressed elastomeric package between two
fixed surfaces formed by the ceramic plate 19 and the reactor
cover 14, as well as between the ceramic ring 32 and the side
surface of the cover 14, prevents the RF coils from displace-
ment and thermal deformation, and at the same time
improves heat-removal conditions from the coils.

Since the elastomeric material 1s compressed to a signifi-
cant degree, the distances between the alorementioned par-
ticles 1s reduced, whereby conditions of thermal conductiv-
ity between the elastomeric material and the support surface
of the cover (14, 32) 1s improved. This results 1n higher heat
transter efliciency through the elastomeric material 17 (30)
in both directions, depending on the mode of operation
selected by activation or deactivation of the supply of the
cooling/heating medium through the hollow RF coils 23
(34).

It 1s preferable to produce the coils 24, 34 from a hollow
copper tube. The cooling medium may comprise deionized
water, as well as various liquid oi1ls of low viscosity. The
cooling/heating medium for the cooler/heater may comprise
liquid fluorocarbons such as oils known under trademark
Fomblin distributed by Scientific Instrument Services, N.J.,
USA.

The method of the invention for improving heat-transfer
conditions from a stationary heat-generating surface consists
of providing an elastomeric material filled with particles or
fibers of a filler having high thermal conductivity and
clectrical non-conductivity; providing the aforementioned
clastomeric material with a convex surface at least on one
side thereof; placing the aforementioned elastomeric mate-
rial 1n a compressed state between a heat-generating object
and a heat-receiving object, and thus maintaining stability of
heat transfer irrespective of thermal deformation of the
clastic body within the range of working temperatures of up
to 350° C.

Thus, 1t has been shown that the invention provides a
heat-transter device for controlling and stabilizing thermal
conditions of a processing chamber, wherein the heat-
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transfer device can be selectively used for removal or
delivery of heat relative to the processing chamber. The
invention also provides a coil assembly for inductively
coupled plasma reactor with stable heat transfer interface
between the coil and the reactor. The device has a reliable
and stable thermally conductive and electrically non-con-
ductive interface between the RF coil and the top of the
reactor and provides generation of uniform plasma and thus
uniform plasma treatment in the inductively coupled plasma
reactor. RF coils and heating elements are embedded into an
clastic material filled with a thermally conductive and elec-
trically non-conductive filler. The invention also provides a
method for improving and stabilizing heat-transier intertace
between the RF coil and the inductively coupled plasma
reactor.
Although the mvention has been shown and described
with reference to specific embodiments, 1t 1s understood that
these embodiments should not be construed as limiting the
areas ol application of the invention and that any changes
and modifications are possible, provided these changes and
modifications do not depart from the scope of the attached
patent claims. For example, the textures of recesses on the
surface of the elastomeric rubber may be different from
those shown 1n the drawings. The coils may have any other
cross-section and may have a monolithic rather than the
hollow cross-section. The coils may be replaced with elec-
trically conductive rods for microwave excitation of plasma
on higher frequencies. The coils may have a bell or jar
configuration. Microwave-energy generation coils can be
used 1nstead of RF coils. The field of the invention 1s not
limited only to the ICP reactors with RF coils, which has
been given only as an example, and can be used 1n other
fields. For example, the same principle can be applied to heat
sinks for removal of heat from semiconductor chips to PC
boards and environment, or for removal of heat from high-
power laser diodes in bars or stocks.
The 1nvention claimed 1s:
1. A method for controlling and stabilizing heat-transfer
conditions between a source of heat and a heat-receiving
object 1n a range of working temperatures, said method
comprising the steps of:
providing a heat-transfer interface device, which 1s 1n
heat-transier engagement with said source of heat and
said heat-receiving object and which 1s located between
said source of heat and said heat-receiving object, said
heat-transfer interface device comprising an elasto-
meric material filled with an electrically-nonconductive
and thermally-conductive filler, said heat-transier inter-
face device having a space that can be filled with said
clastomeric material during redistribution thereof 1n
said heat-transier interface device under the effect of
variations 1n said working temperature, said heat-trans-
fer interface device having one side facing said source
of heat and another side facing said heat-receiving
object;
compressing said heat-transfer interface device with a
compression force that displaces said elastomeric mate-
rial ito said space, said compression force having a
magnitude that maintains said heat-transier interface
device 1 a compressed state and maintains said heat-
transier engagement at variations of said working tem-
peratures; and
said heat-transfer interface device having a working tem-
perature up to 320° C.;

said heat-transier interface device having a surface with a
curvature, said space being selected from the group
consisting of a space inside said elastomeric material
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and a space formed between said surface and one of
said source of heat and said heat-receiving object;

wherein said space being selected from the group con-
sisting of a space 1nside said elastomeric material and
a space formed between said surface and one of said
source ol heat and said heat-receiving object, and

wherein said space inside said elastomeric material com-
prising recesses formed 1n the surface of said elasto-
meric material, said space formed between said heat-
transfer interface device and one of said source of heat

and said heat-recerving object being formed by curva-
ture.

2. The method of claim 1, wherein said heat-transfer
interface device has a substantially circular shape and
wherein said surface with a curvature 1s a convex surface.

3. The method of claim 1, wherein said heat-transfer
interface device has a substantially circular shape, and
wherein said recesses are arranged in radial rows.

4. The method of claim 1, further comprising a step of
reinforcing said heat-transfer intertace device by placing a
reinforcing member 1nto said elastomeric material.

5. The method of claim 1, further comprising the step of
using said heat-transfer interface device 1n a processing
apparatus having a hollow coil located 1n said elastomeric
material, said heat-receiving object comprising a cooling
medium tlowing though said hollow coil.

6. The method of claim 5, wherein said heat-transfer

interface device normally operates at working temperatures
up to 320° C.

7. The method of claim 6, wherein said hollow coil 1s an
clectrically heated coil.

8. The method of claim 7, wherein said heat-transfer
interface device has a surface and wherein said space 1s
selected from the group consisting of a space inside said
clastomeric material and a space formed between said
surface and one of said source of heat and said heat-
receiving object.

9. The method of claim 5, wherein said processing appa-

ratus 1s an 1mductive coupling plasma reactor and wherein
said hollow coil 1s an RF coil.

10. The method of claim 9, wherein said heat-transfer
interface device has a surface and wherein said space 1s
selected from the group consisting of a space inside said
clastomeric material and a space formed between said
surface and one of said source of heat and said heat-
receiving object.

11. The method of claim 10, wherein said space inside
said elastomeric material 1s formed by recesses 1n the
surface of said elastomeric material, and wherein said space
between said heat-transier interface device and one of said
source of heat and said heat-receiving object 1s by the
curvature on said surface.

12. The method of claim 11, wherein said heat-transier
interface device has a substantially circular shape and
wherein said space formed between said surface and one of
said source of heat and said heat-receiving object 1s formed
by a convex surface.

13. The method of claim 12, wherein said elastomeric
material 1s selected from the group consisting of pertluo-
roelastomer-type elastomeric perfluoropolymers, high-tem-
perature-resistant silicone elastomers, and poly(phospho)
zene elastomers.

14. The method of claim 13, wherein said filler material
1s selected from the group consisting of boron nitride,
aluminum nitride, and beryllium oxide.
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15. The method of claim 14, wherein said filler material
turther comprises a combined mixing-assisting and com-
pression-set reducing agent.

16. The method of claim 10, wherein said space inside
said elastomeric material 1s formed by recesses in the
surface of said elastomeric material, and wherein said space
between said heat-transier interface device and one of said
source of heat and said heat-receiving object 1s by the
curvature on said surface.

17. The method of claam 16, wherein said heat-transter
interface device has a substantially circular shape and
wherein said space formed between said surface and one of
said source of heat and said heat-receiving object 1s formed
by a convex surface.

18. The method of claim 17, wherein said elastomeric
maternal 1s selected from the group consisting ol pertluo-
roelastomer-type elastomeric pertfluoropolymers, high-tem-
perature-resistant silicone elastomers, and poly(phospho)
zene elastomers.

19. The method of claim 18, wherein said filler material
1s selected from the group consisting of boron nitride,
aluminum nitride, and beryllium oxide.

20. The method of claim 19, wherein said filler material
turther comprises a combined mixing-assisting and com-
pression-set reducing agent.

21. A heat-transter intertace device for use 1n a range of
working temperatures comprising:

a source of heat:

a heat-receiving object;

an elastomeric material filled with an electrically-noncon-

ductive and thermally-conductive filler matenal, said
clastomeric material being located between said source
of heat and said heat-receiving object in a heat-transfer
engagement therewith so that one side of said elasto-
meric material faces said source of heat and said
another side faces said heat-receiving object;

said elastomeric material having recesses on the surface

and bemng 1 a compressed state by compression
between said source of heat and said heat-receiving
object;

said elastomeric material having a space that can be filled

with said elastomeric material during redistribution
thereol 1n said heat-transier interface device under the
cllect of variations 1n said working temperature;
said elastomeric material being compressed with a com-
pression force that displaces said elastomeric matenal
into said space, said compression force having a mag-
nitude that maintains said heat-transier interface device
in a compressed state and maintains said heat-transfer
engagement at variations of said working temperatures

that may be have a value up to 320° C.;
said heat-transier interface device having a surface with a

curvature, and said space being selected from the group
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consisting of a space inside said elastomeric material
and a space formed between said surface and one of
said source of heat or said heat-receiving object;

said space mnside said elastomeric material being formed
by recesses 1n the surface of said elastomeric material,
and said space between said heat-transfer interface
device and one of said source of heat and said heat-

receiving object being formed by said curvature on.

22. The device of claim 21, wherein said heat-transfer
interface device has a substantially circular shape and
wherein said space between said surface and one of said
source of heat and said heat-receiving object 1s formed by a
convex surtace.

23. The device of claim 22, wherein said heat-transfer
interface device has a substantially circular shape and
wherein said recesses are arranged 1n radial rows.

24. The device of claim 21, wherein said heat-transier
interface device has a substantially circular shape and
wherein said space between said surface and one of said
source of heat and said heat-receiving object 1s formed by a
convex surface, said recesses being arranged in radial rows;
said filler material comprising a combined mixing-assisting
and compression-set reducing agent, and said combined
mixing-assisting and compression-set reducing agent being
pertluoropolyether.

25. The device of claim 21, further comprising a rein-
forcing member 1n said elastomeric material.

26. The device of claim 21, further provided with a hollow
coil located 1n said elastomeric material, said heat-receiving
object comprising a cooling medium flowing though said
hollow coil.

27. The device of claim 26, wherein said hollow coil 1s an
clectrically heated coail.

28. The device of claim 27, wherein said device 1s a
heat-transfer iterface device located in an mductive cou-
pling plasma reactor having a plasma generation chamber,
said plasma generation chamber comprising said source of
heat.

29. The device of claim 28, wherein said elastomeric
material comprises perfluoroelastomer polymer.

30. The device of claim 29, wherein said filler material 1s
selected from the group consisting of boron nitride, alumi-
num nitride, beryllium oxide, and carbon.

31. The device of claim 30, wherein said filler material
further comprises a combined mixing-assisting and com-
pression-set reducing agent.

32. The device of claim 31, wherein said combined
mixing-assisting and compression-set reducing agent 1s per-
fluoropolyether.
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